ABSTRACT: The marine copepod Calanus finmarchicus from coastal areas of northern Norway was cultivated a t 3 temperatures from e g g to adult in the laboratory. Growth and survival of copepodite stages were markedly affected by the temperature regime. If populations of copepodite Stage I experience a sharp decrease in temperature, mortality rate is increased. On this basis the hypothesis is formulated that during the main annual growth penod of C. finn~archicus in arctic-boreal areas not only is this specles sensihve to a temperature decrease, but also a certain temperature increase IS a prerequisite to successful growth from copepodite Stage I to copepodite Stage IV and V. The ecological implications of this hypothesis are discussed. Temperature-dependent mortality rates in certain growth periods of C. finmarchrcus are also related to the postulated rule of equiproportional development in marine copepods.
Environmental conditions such as temperature and food supply are considered to be the most important factors determining growth of herbivorous marine copepods. Investigations have been carried out on the way in which developmental rate and adult size, 2 important aspects of growth, are governed by the dynamic interactions between food supply and temperature (see Paffenhofer & Harris 1979 for review). Experimental research, mainly conducted on temperate and warm water species, has revealed some general trends in these aspects of growth of marine planktonic copepods (Vidal 1980a, b, c, d) .
Rules describing the development of marine copepods have been proposed, including the rule of equiproportional development (Corkett 1984 , McLaren 1986 , which states that each developmental stage occupies the same proportion of time at any constant temperature if food is overabundant. This rule was first proposed for various species of small copepods of the genera Acartia and Pseudocalanus (Corkett & McLaren 1970 , Miller & al. 1977 , Corkett & McLaren 1978 . McLaren (1978) has even suggested that the rule is valid for virtually all neritic copepods, but this has been criticized by others (Uye 1980 , Thompson 1982 , Landry 1983 .
In laboratory experiments, the influence of temperature on rates of growth and development has received considerable attention, and McLaren (1978) has suggested that temperature may be the only variable affecting the development of marine copepods in nature. Temperature-dependent developmental rates have been investigated by conducting growth experiments at fixed temperature levels throughout the whole life cycle of the species under study (see Paffenhofer & Harris 1979) . In natural environments, however, seasonal variations in sea temperature may expose copepod species to different temperature levels throughout their life cycle. The possible significance of regular temperature changes on different growth periods of copepods has been Little studied.
A number of studies have examined growth and developmental rates in arctic-boreal planktonic copepods of the genus Calanus (Matthews 1966 , Conover 1967 , Runge et al. 1985 ).
Calanus finmarchicus is the dominant member of the zooplankton community in coastal areas of northern Norway and in the Atlantic region of the Barents Sea (Tande 1982 , Tande et al. 1985 and spends the greater part of its most intensive growth period from April to June in temperatures ranging from ca 0 to 6 "C. In coastal areas of northern Norway, the onset of the temperature increase in surface waters coincides with the period during which the majority of the C. finmarchicus stock passes through the copepodite stages, whereas in different regions of the Barents Sea a quite variable temperature regime is found during this period. The purpose of the present experiments was to evaluate possible effects of different temperature regimes upon mortality and developmental rates in nauplii and copepodite stages of C. finmarchicus from ca 70 ON in coastal areas of northern Norway. The data presented were obtained from cultivation experiments conducted in the laboratory.
MATERIALS AND METHODS
Experiments on developmental and mortality rates of nauplii Calanus finmarchicus were carried out during spring 1980, and experiments on copepodite stages during spring 1981.
Calanus finmarchicus were collected in April, either at Svartnes in Balsfjorden (69" 21 'N, 19" 08 'E) or Grotsund north of Tromso (ca 69" 46 'N, 19" 08 'E) . Gravid females were collected with a WP-2 plankton net (0.5 mouth diameter, 500 Ilrn mesh size) hauled obliquely from ca 180 m to the surface. The contents of the cod ends were transferred to containers (ca 50 1) previously filled with seawater from the surface. Adult females were sorted from the freshly collected samples and placed in l l beakers filled with filtered seawater (ca 100 ind. 1-l). The diatoms Chaetoceros septentn'onalis Oustrup (ca 140 Ltm3 in volume), C. decipiens Cleve (ca 4200 pm3) and Thalasiossira hyalina (ca 17000 pm3) were added as food.
Cultivation of nauplii. Each experiment was started with eggs spawned over a 24 h period. The eggs were transferred by pipette into beakers filled with 4000 m1 GFC-filtered seawater (ca 150 eggs 1-l). The beakers were placed in walk-in cold rooms at 0.5, 2 and 5 " C . NaupLii Stages I and I1 are considered not to feed (Marshal1 & Orr 1972), so phytoplankton concentrations were increased gradually from Days 5 to 14 after inoculation. At the end of this period food concentrations of 50, 100, 300 and 700 pg C 1-' had been established by adding diatoms, either Thalasiossira hyalina or Chaetoceros septentrionalis, to one beaker at each temperature level, respectively. No special means were used to keep the algae in suspension. Most of the settled algae were removed each third day and the water removed with the algae was replaced with filtered seawater. Food concentrations were monitored occasionally using a Model ZB Coulter Counter after water replacement, and were re-adjusted to 50, 100, 300 and 700 pg C 1-l. During the experiments food concentrations in the beakers were never estimated to be below 45 or 18 pg C 1-' in beakers containing C. septentrionalis or T. hyalina, respectively. Every 5 d nauplii were removed from the cultures for identification of stage composition. Approximately 20 to 50 individuals were sampled each time using a full pipette coupled to a vacuum pump. When copepodite Stage I were recorded in the beakers all the remaining nauplii were filtered out from the cultures, and stored in a freezer at -15 "C, for later identification.
Cultivation of copepodite stages. Stage I copepodites were raised from nauplii at 2 "C in the laboratory. To rear copepodite stages, 300 C1 copepodites were transferred to each of several glass beakers containing 3 1 of filtered seawater from the naupliar cultures diluted with 7 1 of freshly filtered seawater. The beakers were placed in temperature-regulated water baths at 0.5, 3 and 5 "C for the duration of the experiments. Continuous mixing with plunger-jar stirrers kept sedimentation to the algae cells at low levels (Frost 1972) .
Equal amounts (by carbon) of the diatoms Thalasiossira hyalina and Chaetoceros sep ten trionalis were used as food. In each temperature series the total food concentrations ranged from 100 to 600 pg C 1-l; further details of the experimental set up are given in Table 1 . Food concentrations were measured once a day with a Model ZB Coulter Counter, and the cells removed by grazing or sedimentation were replaced with an equal amount of fresh phytoplankton cultures. Samples of copepodites were removed from each experimental container at intervals of 5 to 10 d. The copepods were sampled using a 5 cm diameter plastic tube with a Nitex screen base. Samples were filtered through a plankton gauze (50 pm mesh size) rinsed with distilled water, and stored in a freezer at -15 'C for later identification.
Estimation of mortality rate. The various experiments were started with a known initial number each of eggs and copepodites of Stage I. The total number of individuals sampled from the different populations was also recorded. On the basis of this a n 'instantaneous mortality' (m) was calculated as:
where N,_, = number of ~q g c or c o p e~o d i t e Stagc I ; : start of each series; AT, -total number of hving individuals removed from the container during and at the end of the experimental period; t = duration of each experiment (d). Calculating mortality rates in this way has obvious limitations. Since the populations of copepodites were sampled more frequently than the naupliar populations and total number of individuals sampled differed for the different temperature regimes, this would b e expected to affect the estimates of m. In performing the calculations it is also assumed that individuals removed at the different sampling times would all have survived. This substantially underestimates total mortality of naulii and copepodites. However, since the purpose of the work was to indicate relative differences between temperature regimes, the estimations of m, although only approximate, are adequate for present purposes.
Natural temperature and food conditions during recruitment. Calanus finmarchicus in coastal and fjord areas north of Lofoten have an annual reproduction and recruitment period from April until mid June sive growth of C. finmarchicus during May and June coincides with the yearly build u p of a thermocline, most pronounced in surface waters (Fig. l ) . Information (Table 3) . and between different localities ( Table 2 ). The inten-
RESULTS

Developmental time
Estimates of developmental time for the naupliar growth period and the various copepodite stages of Calanus finmarchicus from coastal areas of northern Norway are given in Figs. 2 for copepodite Stages I to V were estimated for 3 and 6 "C ( Fig. 3) . At 0.5 "C no estimate was obtained due to heavy mortality. The time taken to develop from C1 to C11 increased from 6 d at 6 "C to 8 d at 3 "C, whereas developmental time from C1 to CIII increased from 11 to 17 d. Developmental times to CIV were 17 and 22 d at 6 and 3 "C, respectively. At 6 "C, C, finmarchicus needed 36 d to develop from C1 to CV.
Equiproportional development
The rule of equiproportional development that has been suggested for some calanoid copepods states that each developmental stage occupies the same proportionate amount of time relative to other stages at any constant temperature (Corkett 1984 , McLaren 1986 . The relative rate of development of nauplii (i.e. from hatching to Cl) as a function of temperature has been calculated for Calanus finmarchicus from coastal areas of northern Norway (Fig. 4) . The data were log-U 0 2 4 6 TEMPERATURE ('C) Fig. 4 . Calanus finmarchicus. Relative developmental rates (d-l) for the nauplii growth period (from hatching to first appearance of CI) as a function of temperature transformed and the relationship between relative rate of development and temperature was described by log y = -1.54 + 0.159 log X (? = 0.924). The relative rates of nauplii development at 3 and 6 "C calculated from this function were then combined with the observed mean developmental time (in d) of copepodite stages given in Fig. 3 . Although the present calculations are based upon a simplified logarithmic transformation, and not the Belehradek function (McLaren et al. 1969 , Corkett 1972 , this is considered to give a proper basis for estimation of the temperature-dependent relative developmental rate among nauplii of C. finmarchicus from coastal areas of northern Norway. The results of the calculation are shown in Table 4 along with data presented by Thompson (1982) and . If Calanus finmarchicus followed the rule of equiproportional development one should expect the same relative developmental rates at 3 and 6 "C. The relative time to reach the various copepodite stages of C. finmarchicus from northern Norway appears consistently higher at 3 "C than at 6 "C. The relative developmental times from hatching to CIII and CIV, respectively, are in general greater for C. finmarchicus from the Scotian Shelf (Corkett 1984) than those gained in experiments of the same species at 6 "C from Balsfjorden, northern Norway. On the other hand, CV from Balsfjorden has a greater relative developn~ental time than that from the Shelf area in Nova Scotia. The relative developmental time for C11 and CIII C. finmarchicus S. l. from the North Sea (Thompson 1982 ) is in accordance with those from northern Norway growing at 3 'C, but CIV and CV seem not to fit into any of the developmental patterns seen in Table 4 .
Mortality rates
The mortality rates of nauplii of Calanus finmarchicus from coastal areas of northern Norway cultivated at 5 "C were significantly higher than at 0.5 and 2 "C (Fig. 5) . A Mann-Whitney U-test (Sokal & Rnhlf 1981) showed no significant differences (p = 0.068) between mortality rates at 0.5 and 2 "C. Opposite trends in temperature-dependent mortality rates of C. finmarchicus copepodite stages can be seen in Fig. 6 , where the mortality is significantly higher at 0.5 "C than a t 3 and 6 "C. Comparing the results from the 2 highest temperatures, a larger variation in mortality rates is found between populations cultivated at 3 "C, but a Mann Whitney U-test showed that these observations are not significantly different @ = 0.14) from mortality rates at 6 "C. Hatching to C1 Hatching to CIV 
DISCUSSION
In laboratory growth experiments with copepods from temperate or warm waters, the response of growth and developmental rates to different temperature and food condtions has usually been evaluated during the growth period from C1 to adults (e.g. Harris & Paffenhofer 1980) . The developmental time of nauplii Calanus flnmarchicus from coastal areas of northern Norway is in general accordance with results reported for the species from temperate regions (Marshall & Orr 1972) . The results obtained for copepodite stages grown at 6 "C fell within those ranges given for the species at temperatures around 6 to 8 "C (Table 4) . Suboptimal food conditions have been shown to increase the developmental time among nauplu and copepodite stages of calanoid copepods (e.g. Vidal 1980a, b). The food concentrations at which maximum developmental rate was attained (Pc) for copepodite Stage I11 of Calanuspacificus was ca 130 yg C 1-' when growing in temperatures from 8 to 15.5 "C (Vidal 1980b) . Pc decreased with decreasing temperature and stage of development (size), which means that nauplii of C. finmarchicus should be considered to attain maximum developmental rate at food concentrations around 30 to 50 yg C I-'. These low food levels were unlikely to prevail either in the present experiments or in the natural environment in fjord areas around T r o m s~ during the annual recruitment penod (Tables 1  and 3 ). The present data from developmental and mortality rates of C. finmarchicus should therefore not be considered as a result of suboptimal growth conditions. If copepod development is equiproportional, as suggested by Corkett (1984) , Corkett et al. (1986) and McLaren (1986) , then it should be expected that the observed relative times to reach vanous copepodite stages should be the same at different temperatures, when calculated from the relatlve developmental rate of nauplii growth period. The copepodite stages of Calanus finmarchlcus from northern Norway may have a different temperature response to the naupliar stages, since the relative time to reach the vanous copepodite stages is longer at 3 "C than at 6 "C. A certain amount of variability is inherent in rearing experiments, but the variation in relative developmental rate as found in C. finmarchicus from northern Norway, North Sea, and Nova Scotian waters could as well be indicative of differenct ecotypes among this species (see also Matthews 1966) .
The effect of temperature on development has been found not to be constant throughout naupliar and copepodite stages for copepods from temperate waters. Studies on Pseudocalanus elongatus and Calanus sp. (Thompson 1982) and Calanus pacificus (Vidal 1980a) suggest that the rate of change from one stage to another becomes slower in the older, larger stages. This could also probably be seen in stage duration (Table 5 ) among copepodites from temperate and boreal regions grown at 5 to 8 "C. The use of the concept of equiproportional development to predict developmental bme up to adults should be carefully considered in relation to diapause or arrested development in preadult stages of natural copepod populat i o n~, as for instance in arctic-boreal areas (Tande 1982 , Tande et al. 1985 . Arrested development may be even more evident in the Arctic species Calanus glacialis which is considered to have a generation cycle lasting 2 yr in the Arctic waters of the Barents Sea (Prygunkova 1968 , Jaschnov 1972 , Tande et al. 1985 . S~milar events may also occur dunng the life cycle of Calanus hyper- Grainger (1959) to have a 2 yr life cycle in the Arctic Ocean. The usual procedure in growth studies under controlled conditions has been to cultivate nauplii at one temperature level, and then to separate the copepodites into groups for ongrowing at a range of temperatures spanning that experienced by the species under natural environmental conditions. In this manner, CI's of various calanoid species have been introduced to temperature regimes 3 to 5 'C above or below the temperature experienced during the nauplii growth period. In Calanus finmarchicus from the fjord areas around Tromsa, this cultivating procedure, in which CI's were transferred to a temperature of 0.5 "C, 1.5 "C below that experienced through the nauplii growth period, gave rise to high mortality. Furthermore mortality rates of populations experiencing a temperature increase of 1 "C appeared to be more variable than those experiencing a temperature increase of 4 "C (Fig. 6) .
Death from low sea temperatures is well known to occur and is particularly prevalent in habitats subject to thermal stress (reviewed in Kinne 1970). Experimental studies of Calanus spp, from regions other than northern Norway have also indicated high mortalities at low temperatures. By examining results presented by Thompson (1982) no estimates of developmental rates were obtained on copepodites of C. finmarchicus S. 1. reared at 4.5 "C (her Table 6 ). From Corkett et al. (1986) it could be inferred that no development heyond copepodite Stage I was obtained at 2.5 "C in C. finmarchicus from Nova Scotian waters (their Fig. 2) .
The temperature increase in boreal waters is a yearly predictable phenomenon during late spring and early summer (Table 2) , which coincides with the annual recruitment period of Calanus finmarchicus. The temperature increase during this period is not abrupt but gradual. High mortalities among CI, C11 and C111 in C. finrnarchicus in the present study could have been generated through abrupt temperature changes by transferring C1 to different temperature regimes. However, the same effects were obtained in Calanus spp. from North Sea and Nova Scotian waters by maintaining the nauplii and copepodites stages at the same low temperature levels during the whole growth period (Thompson 1982 ). This information has not until now been discussed in relation to either the prevailing experimental procedure for rearing copepods, nor to the potential ecological implications of arrested development or high mortalities among copepodite stages of C. finmarchicus and C. helgolandicus growing at low temperatures. On this basis it could be reasonable to formulate the hypothesis that during the annual recruitment period in spring, C.
finrnarchicus from arctic-boreal areas is not only sensitive to a temperature decrease, but also that a certain temperature increase is a prerequisite to successful growth from C1 to CV.
In general, mortality rates are considered to be important in studies related to secondary production, but few estimates of mortality in natural populations of calanoid copepods have been published (see however Matthews et al. 1978 , Aksnes & Magnesen 1983 , Myers & Runge 1983 . Landry (1983) suggested that the error in estimation of stage-specific mortality rates will be proportionate to the error in estimating the differences in duration between adjacent instars, and thereby influenced by the isochronal assumption. As the present results indicate, copepod species could be considered also to have age-specific physiological responses to low temperature which may generate temperaturedependent differential mortality among copepodite stages. A temperature-dependent mortality rate in natural populations of Calanus finmarchicus may not be a quantitative important factor in general. However, front regions, as for instance the Polar Front in the Barents Sea, are characterized by water masses with temperatures from -1 to + 2 "C covering extensive areas especially in eastern part of the Sea. These aspects should encourage further systematic evaluation of temperature-dependent mortality rates during the annual recruitment period of C. finmarchicus in arctic-boreal waters.
